Objectives: Dysregulation of the cell cycle has been observed and implicated as an etiologic factor in a range of human malignancies, but remains relatively unstudied in neuroendocrine tumors (NETs). We evaluated expression of key proteins involved in cell cycle regulation in a large cohort of NETs.
T he diagnosed incidence of neuroendocrine tumors (NETs) in the United States has nearly quintupled in the past few decades, from 1.09 to 5.25 cases per 100,000 each year. 1 Although the clinical course of well-differentiated NETs is relative indolent compared with other epithelial malignancies, the prognosis of patients with metastatic NETs remains poor. 2 Recent studies have demonstrated that treatment with somatostatin analogs, vascular endothelial growth factor pathway inhibitors, and mechanistic target of rapamycin inhibitors can slow tumor progression in patients with metastatic disease. [3] [4] [5] [6] [7] [8] However, these agents only rarely cause tumor regression. A more complete understanding of the mechanisms driving tumor growth is needed to identify better therapeutic agents for this indication.
Signaling pathways regulating the cell cycle play a key role in driving the growth of a number of human malignancies. 9 A key regulator of the cell cycle is the retinoblastoma protein 1 (RB1). Retinoblastoma protein 1 inhibits the activity of E2F transcription factors; this inhibitory activity is blocked by phosphorylation, which occurs at several different phases of the cell cycle. 10, 11 Phosphorylation of RB1 is regulated by cyclin D1 (CCND1) early in the cell cycle, and by cyclin E1 (CCNE1) later in the cell cycle. The activity of CCND1 and CCNE1 is dependent on cyclin-dependent kinases, including the CDK4/CDK6 complex and CDK2. Cyclin-dependent kinases are regulated by cyclin dependent-kinase inhibitors (CDKs), including CDKN1B, CDKN1A, and CDKN2A.
Expression of cell cycle pathway components has been associated with clinical outcomes in a number of human malignancies. High expression of phosphorylated RB1 (phospho-RB1), for example, has been found to be associated with reduced overall survival (OS) in advanced squamous cell carcinoma of head and neck. 12 Overexpression of CCND1 has been found to predict poor survival in primary ovarian serous carcinomas, 13 periampullary adenocarcinoma, 14 extremity soft tissue sarcomas, 15 and lung adenocarcinoma. 16 Reduced nuclear expression of CDKN1B has been associated with adverse patient outcome in lung cancer, prostate cancer, breast cancer, and esophageal squamous cell carcinoma, among other malignancies. 17 Inhibition of activated cell cycle pathways has also resulted in therapeutic benefit. The selective CDK4/ CDK6 inhibitor palbociclib (PD0332991), for example, was recently approved by US Food and Drug Administration for treatment of advanced, hormone receptor-positive breast cancer. 18 The role of cell cycle regulatory proteins in NETs remains relatively unexplored. In small intestine neuroendocrine tumors (SINETs), recurrent mutations and hemizygous deletions have been reported in the cyclin-dependent kinase inhibitor CDKN1B. [19] [20] [21] Loss of CDKN1B has been associated with poor prognosis in a range of NETs. 22, 23 Overexpression of phospho-RB1, as well as CDK4, has been reported in pancreatic NET. 24 To more fully understand the potential role of cell cycle regulators in NETs, we undertook a study broadly evaluating expression of cell cycle regulatory components in a large cohort of NETs. We focused on expression of the key regulator phospho-RB1 and on 2 key upstream cyclin-cyclin-dependent kinase regulatory complexes: CDK4/CDK6-CCND1 and CDK2-CCNE1. We additionally evaluated expression of the CDK: CDKN1B, CDKN1A, and CDKN2A. We then explored associations between expression of these components, clinical and pathologic features of the tumors, and survival.
Materials and Methods

Patients and Clinical Data
All patients with confirmed diagnosis of NETs and the corresponding clinical data were obtained from Dana-Farber Cancer Institute database from 1991 to 2012. All patients provided written informed consents for their tissue blocks for molecular analysis in this study. The study protocol was approved by the institutional review board of Dana-Farber Cancer Institute. Clinical and outcome information was collected from medical records, or obtained from the Social Security Death Index if that was not available.
Construction of Tissue Microarrays
Four tissue microarray (TMA) blocks comprising 336 resection specimens NETs including 267 primary tumor samples, 34 paired metastases, and 35 metastases only, from a total of 302 patients, were constructed. As previously described, 3 representative tissue cores (0.6-mm diameter) were taken from individual formalin-fixed, paraffin-embedded tissues and arranged into recipient paraffin blocks, respectively. 25 Four micrometer-thick sections were cut from each TMA block for immunohistochemical staining.
Immunohistochemistry and Evaluation
For immunohistochemical analysis, the following antibodies were used: anti-CDKN1B rabbit polyclonal (1:200, Santa Cruz Biotechnology, Dallas, Tex), Anti-CDKN2A mouse monoclonal (1 μg/mL, Roche Diagnostics, Indianapolis, Ind), anti-CDK2 mouse monoclonal (1:1000, Novus Biologicals, Littleton, Colo), anti-CDK4 rabbit monoclonal (1:100, Abcam, Cambridge, Mass), anti-CDK6 mouse monoclonal (1:50, Abcam), anti-CCND1 rabbit monoclonal (1:100, Abcam), anti-CDKN1A mouse monoclonal (1:50, BD Biosciences, San Diego, Calif ), anti-CCNE1 mouse monoclonal (1:200, Thermo Fisher Scientific, Rockford, Ill), anti-phospho-RB1 rabbit monoclonal (Ser807/811, 1:100, Cell Signaling Technologies, Danvers, Mass), and anti-MKI67 mouse monoclonal (1:100, Dako, Glostrup, Denmark). Tissue microarrays were deparaffinized in xylene and rehydrated ethanol and heated for 17 minutes in citrate buffer (pH 6.0, BioGenex Laboratories, San Ramon, Calif ) using a pressure cooker for antigen retrieval. Endogenous peroxidase and nonspecific protein binding were blocked using Dual Endogenous Enzyme Block reagent (Dako) and Protein Block reagent (Dako) for 10 and 20 minutes, respectively. The sections were incubated with primary antibodies at 4°C overnight and detected with streptavidin-peroxidase (BioGenex) and 3,3'-diaminobenzidine (Dako). Colorectal cancers known to be positive for all 10 molecules in this study were used as positive controls, [26] [27] [28] [29] [30] [31] [32] [33] [34] and these antibodies list in this paragraph corresponding isotypes were used as negative controls (Supplemental Table 1 http://links.lww.com/MPA/A612).
A single pathologist (Z.R.Q.) reviewed and interpreted the staining TMA, who was blinded to the clinical and pathologic data. As described previously, MKI67 labeling index (LI) was evaluated by counting the percentage of positive tumor cells in areas of highest nuclear labeling through high-power fields (Â400), 35 and cut-off values were taken from American Joint Committee on Cancer staging system (seventh edition). 36 Tumor expression levels of CDKN1A, CDKN2A, CDK2, CCND1, CCNE1, and phospho-RB1 were determined by averaging the percentages of immunoreactive (positive staining) tumor cells in the 3 tissue cores. 37 The median percentage for each marker, based on analysis of all tumors in the cohort, was used as the cutoff to define low versus high expression. Cutoff percentages were as follows: CDKN1A (>30%), CDKN2A (≥1%), CDK2 (≥1%), CCND1 (≥1%), CCNE1 (≥1%), and phospho-RB1 (≥1%). Other 3 markers expression, CDK4, CDK6, and CDKN1B, were scored by applying a semiquantitative immunoreactivity method (H score) as described previously. 38 In brief, overall staining intensity was scored as 0 (absent), 1 (weak), 2 (moderate), and 3 (strong) in the 3 tissue cores, and percentage of positive cells was scored as 0% to 100%. Multiplication of intensity score and the percentage resulted in an H score ranging from 1 to 300 for each tissue core. The overall H score for each tumor was calculated by averaging the H scores in the 3 tissue cores. The median H score for each marker was used as the cutoff to define low versus high expression. Cutoff H scores were as follows: CDKN1B (>210), CDK4 (>150), and CDK6 (>210).
We selected 30 cases randomly from this cohort and stained on whole sections for each marker, and compared expression level of these markers on whole sections with those on TMA according to different cutoff mentioned previously for concordance. The expression level of all markers' scores showed good consistency in whole sections and TMA except for phospho-RB1, so we had to stain expressions of phospho-RB1 of all cases on whole sections. The evaluation of phospho-RB1 expression level on whole sections was followed as mentioned previously.
Random 
Mutation of CDKN1B
CDKN1B sequencing and mutation status was assessed as previously reported. 19 
Statistical Analysis
The χ 2 test or Fisher's exact test, when applicable, was performed to determine associations between the categorized expression status and the tumor subgroups. The Spearman rank-order correlation was used to analyze the pairwise correlation among expressions of proteins and their associations with MKI67 LI status. The OS was defined as from the date of patient's initial diagnosis to the date of patient death. Survival curves were estimated using the Kaplan-Meier method. Multivariate survival analyses were performed using Cox proportional hazards regression models, which included tumor primary site, sex, age at diagnosis, M stage, and MKI67 LI (as a surrogate for grade). Statistical significance was defined as a two-sided P < 0.05. All statistical analyses were conducted by statistician (S.Z.) using SAS software (version 9.4; SAS Institute, Cary, NC).
RESULTS
Clinicopathologic Characteristics
Our cohort included primary tumors from a total of 267 patients with NETs comprising 165 SINETs (61.8%), 26 pancreatic NETs (PNETs; 9.7%), and 76 NETs (28.5%) of other origins (including appendix, colon, lung, ovary, paraganglioma, parathyroid, pheochromocytoma, rectum, stomach, thymus, and unknown primary) ( Table 1) . We additionally evaluated 34 paired primary and metastatic lesions. The mean age at diagnosis was 53.2 (range, 19.5-86.4 years). Eighty-three patients (31.1%) had metastatic disease. Older age, advanced stage (M1), and higher proliferative index MKI67 LI were associated with shorter OS.
Expression of Cell Cycle Regulators in NETs
Expression of the cell cycle regulatory pathway proteins was evaluated in all 267 primary tumors and 34 paired metastases. As anticipated, CDKN1B, CDKN1A, CDKN2A, CDK2, CDK4, CDK6, CCND1, CCNE1, and phospho-RB1 were detected in cell nucleus (Fig. 1A) .
Expression patterns varied to some extent according to tumor subtype. High expression of phospho-RB1, for example, was more common in PNETs (46.2%) than in other NETs (30.7%) and SINETs (19.6%). High expression of other activating components, including CDK2 and CCND1 was also more common in PNETS (30.8% and 38.5%, respectively) than in SINETs (8.5% and 1.2%, respectively) (Fig. 1B) . Low expression of the inhibitory protein CDKN1B was more common in PNETs (42.3%) and other NETs (48.7%) than in SINETs (23.8%). In contrast, low expression of CDKN1A was more common in SINETs (62.8%) than in other NETs (34.2%) and PNETs (12.0%) (Fig. 1C) . We did not find statistically significant differences in expression of any of the markers when we compared expression between 34 pairs of primary tumors and matched metastases. 
Mutation of CDKN1B in SINETs
Based on previous reports of CDKN1B mutations in SINETs, we examined potential associations between mutational status and immunohistochemical expression. CDKN1B mutation data was available in 55 SINET samples, from 52 patients. Samples included 42 cases with only primary tumors, 6 cases from 3 patients with primary tumor and their matched metastasis, and 7 cases with only metastatic lesions. Somatic mutation of CDKN1B was present in 6 samples from 6 patients, comprising 5 primary tumors and 1 unmatched metastatic lesion. CDKN1B mutation was not clearly associated with protein expression: 3 of 6 CDKN1B-mutated SINETs demonstrated CDKN1B low expression, and 12 of 48 CDKN1B-wildtype SINETs demonstrated low expression (Fisher's exact test, P = 0.21). CDKN1B mutation in SINETs was not associated with survival.
Intrapathway Correlations Between Cell Cycle Regulators Expression
We observed strong intrapathway associations between regulatory proteins in the CDK4/CDK6-CCND1-RB1 pathway. In this pathway, the CDK4/CDK6 complex is known to phosphorylate CCND1, which in turn phosphorylates RB1. We identified an association between expression of phospho-RB1 and CCND1(R = 0.21, P = 0.0007). Expression of CCND1 was in turn associated with expression of CDK4 (R = 0.12, P = 0.05), which was associated with expression of CDK6 (R = 0.26, P < 0.0001). We did not identify associations between expression of phospho-RB1 and CCNE1 or CDK2, nor did we identify associations between expression of phospho-RB1 and the cyclin-dependent kinase inhibitors CDKN1B, CDKN2A, or CDKN1A (Fig. 2) . 6%) . High expression of CDK2 and CCND1 was also more common in PNETS (30.8% and 38.5%, respectively) than in SINETs (8.5% and 1.2%, respectively). OTHERs indicates other neuroendocrine tumors including appendix, colon, lung, ovary, paraganglioma, parathyroid, pheochromocytoma, rectum, stomach, thymus, and unknown primary; p-, phospho; P, phosphorylated.
Correlations Between Expression of Cell Cycle Regulators and MKI67
Expression of regulatory proteins in the CDK4/CDK6-CCND1-phospho-RB1 pathway was associated with tumor proliferative index. The strongest association with proliferative index was observed with expression of phospho-RB1 (P < 0.0001) ( Table 2 ). We additionally found that high expression of CDK4, CDK6, and CCND1was associated with higher proliferative index (MKI67 expression). Low expression of the cyclin-dependent kinase inhibitor CDKN1B also seemed to be more somewhat more common in higher grade tumors, although the difference was not statistically significant after multiple testing adjustments. Expression of CDK2 and CCNE1 were not associated with tumor grade.
Association Between Expression of Cell Cycle Regulators and Clinical Outcomes
We next evaluated whether expression of cell cycle markers had prognostic significance. Among the cohort of 267 patients with evaluable primary tumors, 71 patients died with a median follow-up time of 6 years. In a multivariate analysis, only low expression of CDKN1B showed a potential association with shorter OS (hazards ratio [HR], 1.72; 95% CI, 1.02-2.9; P = 0.04) after multiple testing adjustment. The association between survival and low expression of CDKN1B seemed to be strongest in SINETs (HR, 2.04; 95% CI, 1.06-3.93; P = 0.03; Fig. 3) ; Clear survival associations were not observed in other tumor subtypes.
DISCUSSION
In this study, we performed a comprehensive analysis of cell cycle protein expression in a large cohort of NETs. We found that high expression of activating proteins in the CDK4/CDK6-CCND1-phospho-RB1 pathway were strongly correlated with each other and were also associated with proliferative index. We observed a trend toward shorter OS and loss of CDKN1B expression, which seemed to be strongest in SINETs.
Our findings suggest that activation of the CDK4/CDK6-CCND1 pathway, with subsequent phosphorylation of RB1, may play a role in driving proliferation in NETs. Our observations are consistent with other studies, which have found that high expression of phospho-RB1 is associated with an increasing degree of tumor aggressiveness in a variety tumors, including pancreatic and head and neck squamous cell carcinomas. 12 High expression of CDK4/CDK6 and/or high expression of CCND1 were also found to be associated with more aggressive behavior and/or poor survival in breast cancer, 42, 43 primary ovarian serous carcinomas, 13 papillary carcinoma, 44 meningiomas, 45 periampullary adenocarcinoma, 14 extremity soft tissue sarcomas, 15 laryngeal squamous cell carcinomas, 46 esophageal adenocarcinoma, 47 and lung adenocarcinoma. 16 Although studies are limited, our findings are consistent with previous observations in NETs. Tang et al 24 found a correlation between high expression of phospho-RB1 and high expression of both CDK4 (R = 0.55; P = 0.01) and CCND1 (R = 0.51; P = 0.03) in 92 PNETs. In this study, the growth of 2 pancreatic neuroendocrine tumor cell lines was inhibited with a CDK4/CDK6 inhibitor. Taken together with this previous study, our observations suggest that NETs with high-or intermediate-grade may have an activated CDK4/CDK6-phospho-RB1 pathway and may therefore be candidates for treatment with CDK4/CDK6 inhibitors.
A second observation in our study was a trend toward decreased OS in patients with decreased CDKN1B, particularly in SINETS. CDKN1B encodes a cyclin-dependent kinase inhibitor that binds to and suppresses cyclin-CDK complexes, including cyclin E-CDK2 and cyclin D-CDK4/CDK6, thereby interrupting phosphorylation of the RB1/E2F pathway and arresting tumor cells in G1 phase. 9, 11, 48, 49 Mutations in CDKN1B have been reported in SINETs, but not in other neuroendocrine tumor subtypes, suggesting that CDKN1B may play a particularly important role in this neuroendocrine tumor subtype.
We did not observe a clear association between mutation of CDKN1B and protein expression, an observation that is consistent with a previous study, which similarly did not find correlation between expression of CDKN1B with CDKN1B mutation in 200 patients with SINETs. We did, however, observe a trend toward decreased OS and loss of CDKN1B expression. Our observation is consistent with observations in other malignancies, 49 as well as in other recent studies in gastroenteropancreatic NETs. 22, 23 In the largest of these studies on NETs, loss of CDKN1B expression was also found to be a predictor of poor prognosis in total 327 patients with gastroenteropancreatic NETs. 22 Interestingly, in our cohort, the association appeared to be strongest in SINETS.
Limitations of our study include retrospective nature and use of paraffin-embedded tissue to evaluate protein expression using immunohistochemical (IHC). Because of lack of uniformity in IHC staining protocols and scoring cutoff values for each marker, the rates of CDK4/CDK6-CCND1-phospho-RB1 overexpression in NETs may be different in different studies. In addition, protein expression alone may not reliably predict activation of certain pathway. In an ongoing study of LEE0011 (a high selective CDK4/ CDK6 inhibitor) in patients with CDK4/CDK6 pathway activated tumors, having a tumor with CDK4/CDK6 amplification or mutation, CCND1/CCND3 amplification or CDKN2A mutation was used as one of the important inclusion criteria indicating activation of CDK4/CDK6-CCND1-phospho-RB1 pathway (NCT02187783). Sequencing techniques alone, however, are not suitable for detecting phosphorylation status of specific proteins. A second clinical trial of Palbociclib in metastatic PNET is using IHC to detect overexpression of cell cycle markers (CDK4, and/or phospho-RB1, and/or CCND1) to represent activation of this pathway (NCT02806648).
In conclusion, we have performed a large-scale study evaluating the expression of key cell cycle regulatory proteins in NETs, and correlating expression levels with clinical features and outcomes. Our results are consistent with previous studies suggesting that loss of CDKN1B expression is an adverse prognostic factor in NET, and suggest that loss of CDKN1B expression may play a particularly important role in small intestine NET. Our results further suggest that activation of the CDK4/CDK6-CCND1-phospho-RB1 pathway is associated with higher proliferative index in NETs. Therapeutic agents targeting this pathway, particularly currently available CDK4/CDK6 inhibitors, may have a beneficial role in NETs with higher proliferative index, and clinical studies in this setting are warranted.
